
Sea level rise and inundation of island interiors: Assessing
impacts of lake formation and evaporation
on water resources in arid climates
J. D. Gulley1, A. S. Mayer2, J. B. Martin3, and V. Bedekar4,5

1School of Geosciences, University of South Florida, Tampa, Florida, USA, 2Department of Civil and Environmental
Engineering, Michigan Technological University, Houghton, Michigan, USA, 3Department of Geological Sciences,
University of Florida, Gainesville, Florida, USA, 4Department of Civil Engineering, Auburn University, Auburn, Alabama, USA,
5S.S. Papadopulos & Associates, Bethesda, Maryland, USA

Abstract Coasts of many low-lying islands will be inundated should sea level rise by 1m by 2100 as
projected, thereby decreasing water resources through aquifer salinization. A lesser known impact occurs
if rising sea level elevates water tables above interior topographic lows to form lakes. Impacts of lake
formation on water resources, however, remain unquantified. Here we use hydrological models, based
on islands in the Bahamian archipelago, to demonstrate that on islands with negative water budgets,
evaporation following lake inundation can cause more than twice the loss of fresh groundwater resources
relative to an equivalent amount of coastal inundation. This result implies that in dry climates, low-lying
islands with inland depressions could face substantially greater threats to their water resources from sea level
rise than previously considered.

1. Introduction

Sea level rise poses poorly quantified risks to freshwater resources of nearly 50 million citizens of Small
Island Developing States (SIDS) [Nurse et al., 2014]. Many small islands have average elevations near sea
level, particularly barrier islands [Masterson et al., 2013] and islands composed of carbonate bedrock
[Vacher and Quinn, 2004]. Sea level rise can shrink freshwater resources directly, through aquifer salinization
and reduced groundwater catchment size following coastal inundation and, indirectly, through the
dynamics of freshwater lenses [Ketabchi et al., 2014]. These dynamics are governed by the Ghyben-
Herzberg principle (Figure 1a), which states that, at equilibrium, the elevation of the water table above
sea level (h) and the depth of the interface of fresh and saline groundwater (z) at the same location are
related by

z ¼ αh; (1)

where α is the density-difference ratio:

α ¼ ρf
ρs � ρf

(2)

and ρf and ρs are the densities of fresh and saline groundwater, respectively [Vacher, 1988]. With typical den-
sities of fresh and marine salt water (ρf and ρs= 1000 and 1025 kg/m3, respectively), the thickness of the
freshwater lens is approximately 40 times the elevation of the water table above sea level [Vacher, 1988].
The thickness of the freshwater lens is thus sensitive to changes in water table elevation (h) by a factor of
40 to 1. Modest reductions in water table elevation relative to sea level, such as those occurring from coastal
inundation and reduced island area, can therefore result in substantial reduction in the volume of freshwater
lenses [Ketabchi et al., 2014] (Figure 1a).

Inundation by rising sea level has been widely considered to mostly threaten only low-lying coastal areas
[Dasgupta et al., 2009]; however, closed inland depressions with elevations below future sea levels, common
to many barrier islands [Masterson et al., 2013], atolls [Ayers and Vacher, 1986; Woodroffe, 2008], and other
carbonate islands [Martin and Gulley, 2010], are also prone to inundation (Figure 1b). Such inundation
would be similar to a switch from a recharge-limited to topography-limited coastal groundwater system
[Michael et al., 2013]. Some depressions experience transient flooding when water tables are elevated by
heavy rainfall, astronomically controlled high tides [Yamano et al., 2007; Woodroffe, 2008; Masterson et al.,
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2013; Rotzoll and Fletcher, 2013] and
regional increases in sea level asso-
ciated with intradecadal climate
oscillations and shifts in oceanic
currents [Sallenger et al., 2012].

Permanent flooding of depressions in
response to future eustatic sea level
rise has been overlooked in previous
assessments of impacts to water
resources [Dasgupta et al., 2009;
Nurse et al., 2014]. The importance
of this formation is clear from shallow
lakes and other surface water fea-
tures that formed on carbonate
islands and platforms around the
world when Holocene sea level rise
elevated water tables into surface
depressions [Martin and Gulley, 2010;
Gulley et al., 2014]. These lakes
expose freshwater lenses to continu-
ous evaporation with impacts that
should depend on the balance of
rainfall and evaporation [Vacher and
Wallis, 1992]. In arid regions where
evaporation can exceed annual rain-
fall, such as the southern Bahamian
archipelago, evaporation from mod-
ern lakes has led to upconing of
saline groundwater, lake, and aqui-
fer salinization and even complete
segmentation of freshwater lenses
(e.g., Figure 1b) [Vacher and Wallis,
1992]. To date, however, no studies
have evaluated how freshwater
lenses will respond as rising sea
levels and water tables form new
lakes on islands in arid regions.

Consequently, we use numerical simulations in this study to explore how various lake formation scenarios
alter freshwater lens volumes on a generic strip island using aquifer and climate parameters from the
Bahamian archipelago. These simulations improve understanding of how paleofreshwater lenses responded
to lake formation during the Holocene and how projected sea level rise may impact modern low-lying island
water resources.

The Bahamian archipelago consists of carbonate islands with similar aquifer compositions that extend
1000 km across a latitudinal water balance gradient, making it an ideal test case for understanding how lake
formationmay impact freshwater lenses (Figure 2). Rainfall and potential evaporation vary from an average of
1500mm/yr and around 1350mm/yr, respectively, in the north (e.g., Grand Bahamas Island) to< 750mm/yr
and around 1550mm/yr, respectively, in the south (e.g., Great Inagua; Figure 2) [Whitaker and Smart, 2004].
The switch from positive to negative water balance occurs around the latitude New Providence Island.
With positive water balances, freshwater lenses are continuous and lakes contain freshwater [Cant and
Weech, 1986]. Freshwater lenses also occur on islands with negative water balances, but lakes range from
brackish to hypersaline, causing authigenic mineral precipitation (calcite and halite) [Cant and Weech,
1986]. These saline lakes tend to separate island freshwater lenses into separate, smaller lenses (Figure 1b)
[Cant and Weech, 1986; Vacher and Wallis, 1992].

Figure 1. (a) Lens-shaped bodies of fresh water exist on ocean islands due to
the difference in density between fresh and saline water (e.g., equations (1)
and (2)). Sea level rise reduces island width and lowers water table elevation
relative to sea level as the cumulative resistance to groundwater flow
decreases. The freshwater lens thickness decreases by a factor of 40× that of
the lowering of the water table. (b) Sea level rise elevates the water table
relative to the island surface which can raise the water table and flood closed
inland depressions to form lakes. These lakes evaporate fresh water from
their surface, may allow upconing of salt water similar to withdrawal from
wells, and can segment previously continuous freshwater lenses into sepa-
rate lenses. These segmented lenses have groundwater flow paths that
drain toward both the coast and the lake, further lowering water table
elevations and enhancing the thinning of the lens (Figures 3a and 3c).
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The persistence of freshwater lenses on islands with negative water budgets [e.g., Cant andWeech, 1986] may
seem counterintuitive. Lenses are able to form in spite of the negative annual water budget because rainfall
exceeds potential evaporation some months of the year [Vacher and Wallis, 1992] and because some
recharge occurs along vadose fast flow routes that are dissolved in the carbonate bedrock [Jocson et al.,
2002]. The persistence of freshwater lenses on modern islands with negative water budgets suggests that
once recharge reaches the lens, carbonate bedrock protects it from intense evapotranspiration and the full,
annual potential evapotranspiration rate is not realized. Where lakes expose water tables, however, there is
no barrier to evaporative stresses and the full annual potential evaporation can be realized.

Our models presented here expand on classic studies of carbonate strip island hydrogeology [Vacher, 1988]
and interactions of lakes with freshwater lenses [Wallis et al., 1991; Vacher and Wallis, 1992] by considering
how freshwater lenses change in response to lake formation expected from sea level rise.

2. Methods

All simulations assumed steady state conditions and were conducted with SEAWAT [Guo and Langevin, 2002]
using hydrological properties and meteorological variables that have been employed in analytical models of
Bahamian strip islands [Vacher, 1988; Vacher and Bengtsson, 1989;Wallis et al., 1991; Vacher and Wallis, 1992].
The base model of a 1000mwide strip island consists of 2m wide and 1m high cells with 500 and 200 cells in
the lateral and vertical directions, respectively. Model parameters include aquifer hydraulic conductivity, por-
osity, and dispersivity of 50m/day, 30%, and 1m, respectively [Vacher and Mylroie, 2002; Holding and Allen,
2015]. Fluid properties include freshwater density, seawater density, and seawater salinity concentrations
of 1000 kg/m3, 1025 kg/m3, and 35 kg/m3, respectively. We use total dissolved solids (TDS) concentrations
of ≤ 0.5 kg/m3 to distinguish between potable freshwater from nonpotable seawater and to represent the
boundary of the fresh water lens.

Figure 2. Average annual rainfall (solid lines) and potential evapotranspiration rates across the Bahamian Archipelago.
Note that potential evapotranspiration exceeds rainfall south of Abaco. Based on data from Whitaker and Smart [2004].
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SEAWAT currently lacks the capability of directly simulating lakes. We thus simulate lakes as depressions by
increasing the porosity to 100% and the hydraulic conductivity by a factor of 4 in a selected set of top cells of
the model grid, so that the lake depths are 1m, similar to Bahamian lakes [Teeter, 1995]. This modeling
approach allows water and solutes to be transported by groundwater flow into cells representing lakes,
allows for approximately completely mixed conditions in the lake cells, and allows water to be discharged
from lakes by evaporation. However, these conditions do not allow salinities to exceed seawater concentra-
tions through evaporation as observed in some Bahamian lakes. The impact of hypersaline lakes is the subject
of future studies.

Scenario 1 serves as a reference for all subsequent models by establishing the thickness of a freshwater lens
on a 1000m wide lake-free island with an annual recharge of 20 cm/yr, although Precipitation minus
Evapotranspiration (P-ET) is negative in the central Bahamian archipelago (Figure 2) recharge averages
20 cm/yr as determined using Cl concentrations in rainfall as a conservative tracer of ET [Wallis et al., 1991].
To maximize intermodel comparability and because actual recharge rates are poorly constrained across
the Bahamas [Whitaker and Smart, 2004], we keep land surface effective recharge the same in all models.
For scenario 2, we simulate loss of potable water solely from coastal inundation by reducing the island width
by 100m without forming lakes (e.g., Figure 1a). While the model results are applicable to any relative rise in
sea level that reduces island width by an equivalent amount, for our island topography, the relative rise in sea
level was 0.4m, a threshold that is predicted to be crossed this century [DeConto and Pollard, 2016].

For scenario 3, we simulate impacts of a 100m wide lake forming in the center of the island (e.g., Figure 1b).
Our specific model grid and island slope reflect a relative rise in sea level of 1m, which is also a plausible rise
in sea level by the end of the century [DeConto and Pollard, 2016]. Our models are, however, applicable to any
sea level rise that results in flooding of inland depressions that are at lower elevations than future sea level.
Land surface areas receive 20 cm/yr of effective recharge, but lake areas have an effective lake evaporation of
50 cm/yr. The effective land surface recharge and lake evaporation rates are thus similar to Long, Cat, Exuma,
and San Salvador islands.

Because lake positions with respect to island coastlines and widths are variable across the Bahamian
Archipelago, subsequent simulations examined impacts of lake widths, lake position relative to island cen-
ters, and lake evaporation rate. Effective lake evaporation was changed from 10 cm/yr (similar to southern
Abaco) to 60 cm/yr (similar to Crooked Island and Long Island) as a proxy for climate. We simulated lake
expansion with sea level rise in increments of 0.1m; the initial lake had a 100m base width, lake side slopes
of 0.004m/m, and evaporation of 50 cm/yr. To simulate impact of lake position on lens volumes, we migrated
a 100m wide lake from the island center to within 100m of the coast and used a lake evaporation rate of
50 cm/yr. We normalize the changes in lens depth by dividing by the lens depth for an island with no lake
and thus report the results as fraction changes in the lens depth.

3. Results and Discussion

In simulation 1, a 1000m wide island with no lake has a maximum potable freshwater lens thickness of ~0.7,
with a brackish zone extending down to approximately 1.0 dimensionless depth (Figure 3a). These dimen-
sionless depths correspond to absolute depths of 8 to 11m for a 1000m wide island and are similar to
Eleuthera, Exuma, and Long islands, which have similar widths and have average maximum lens thickness
of 10.2m, 11.8m, and 6.2m, respectively [Cant and Weech, 1986]. Coastal inundation that reduces the island
width by 10% (scenario 2; Figure 1a) decreases themaximumdimensionless lens thickness by 21% (Figure 3b).
In contrast, when 10% of the island is inundated by formation of a central lake (scenario 3; Figure 1b), the
freshwater lens splits into two and reduces maximum lens thickness by 47% (Figure 3c). Despite equivalent
amounts of inundation, reduction in lens thickness is greater when inundation occurs by elevation of water
tables into a central depression than through direct coastal inundation by rising seas (Figure 3d).

Freshwater lens thicknesses depend on lake widths, locations of lakes relative to island centers, and eva-
poration rates. Expansion of a lake in the center of an island (Figure 4a) from 0.1 to 0.2 of the island width
shrinks freshwater lenses from 53% to 12% relative to the lens volume on a lake-free island. Lake position
reduces lens volume from 81% for lakes near an island’s coast to 53% for lakes in the center of the island
(Figure 4b). Increasing evaporation rates from 10 cm/yr to 60 cm/yr decreases freshwater lens volumes from
87% to 49% of the volume of a freshwater lens on a lake-free island (Figure 4c).
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Figure 4d summarizes the changes in freshwater lens volume as a function of variations in lake properties and
sea level rise. The reduction of freshwater lens volumes is approximately linear with evapotranspiration, lake
width, andmagnitude of coastal inundation but is curvilinear as lake positions approach the coast (Figure 4d).
Increased lake widths decrease freshwater lens thicknesses by approximately 2.3 times that of coastal inun-
dation for a given unit sea level rise. In contrast, increasing the magnitude of evaporation from a lake that is
0.1 times the island width results in about 16% more thinning than coastal inundation alone.

These simulations show that in dry climates such as the Bahamian Archipelago, the presence of lakes, their
position on the island, and most importantly lake width reduce groundwater resources more than coastal
inundation (Figure 4). While coastal inundation reduces land area available to recharge and shortens ground-
water flow paths, forming lakes reduces water resources by acting as large diameter wells that discharge

Figure 3. (a, b) Comparison of magnitudes of freshwater lens thinning due to a 100m reduction in island width from sea
level rise (scenario 1) relative to (c) formation of a 100m wide lake (scenario 2). TDS concentrations are normalized to
maximum potable water concentrations (0.5 kg/m3). Lateral distance is normalized to island width distances (1000m).
Vertical distance is normalized to the maximum depth of the seawater (TDS = 35 kg/m3 or dimensionless TDS = 50) contour
for the nonlake case (11m). Model parameters (recharge, hydraulic conductivity) are identical for each simulation and are
described in Methods. Baseline scenario for all following estimates of lens volume that shows the thickness of and
groundwater flow path directions in a lens formed in a 1000m wide island without lakes (Figure 3a). Thickness of a lens in
an island where sea level rise reduced island width to 900m. Flow paths in this situation would mimic those in Figure 3a
(Figure 3b). Groundwater flow paths and thicknesses of two freshwater lenses that remain after sea level rise elevated
the water table into a depression to form a 100mwide lake (Figure 3c). (d) Comparison of the portions of freshwater lenses
that contain potable water (defined as less than or equal to 0.5 kg/m3 total dissolved solids) in scenarios 1 and 2 and
the percentage reduction relative to the base case shown in Figure 3a.
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groundwater to the atmosphere through evaporation. Lake evaporation locally lowers the water table
relative to sea level, raises the base of the fresh water lens, and reorganizes groundwater flow paths
(Figures 3a and 3c). Prior to lake formation (Figure 3a) groundwater flow paths radiate toward the coast from
a central potentiometric high. Lowering of the lake elevations by evaporation reorients some groundwater
flow paths toward the lake (Figure 3c). Lakes forming in the center of an island tend to have greater impacts
on lens thinning than coastal inundation because the length of the flow path (and recharge) controls the
maximum elevation of the water table above sea level, which controls lens thickness. In contrast, where lakes
form close to the coast, one side of the island maintains a larger, continuous water table that has longer

Figure 4. Comparison of different sea level rise and lake formation scenarios on lens thicknesses. Only portions of the lens
that contain potable water are shown. Lateral distance is normalized to island width distances (1000m). Vertical distance
is normalized to the maximum depth of the seawater (TDS = 35 kg/m3 or dimensionless TDS = 50) contour for the
nonlake case (11m). The percentage values show the change in volume of the new lens relative to a 1000m wide island
with no lake (i.e., Figure 3a). (a) Lake width expansion from 0.1 to 0.2 at 0.025 increments, normalized to island width
(1000m). (b) Position of a 100m wide lake with respect to the island center. Lake positions are indicated for each case,
normalized to island width (1000m). (c) Increasing evaporation rates from 10 cm/yr to 60 cm/yr in a 100m wide lake in the
center of the island. (d) Comparison of the relative impacts of each sea level rise scenarios in Figures 4a–4c, as well as
island inundation by coastal flooding (e.g., Figures 3a and 3c), on lens thickness. All changes to lens thickness are in
reference to the base case scenario of a 1000m wide island with no lake and are expressed as a percentage of lens
thickness for that base case. Island inundation, lake width, lake center, and evaporation rate are normalized to maximum
values (800m, 200m, 500m, and 60 cm/yr, respectively).
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groundwater flow paths and higher water table elevations. Consequently, impacts to overall lens thickness
decrease as the lake approaches the coast (Figure 4b).

Lakes also exacerbate groundwater resource loss resulting from locally changing climatic conditions that
would result in higher effective lake evaporation rates. Models of increased lake evaporation from 0.5 to 3
times the aquifer recharge (10 to 60 cm/yr) reduced lens thicknesses from 87% to 49% of the lake-free island
(Figure 3c). Carbonate islands in the Caribbean, most of which have lakes, are expected to have drying con-
ditions in the coming century [Taylor et al., 2013], indicating impacts from lakes should be considered in
future water resources assessments. In contrast, islands that have positive annual water budgets would have
steady state freshwater lenses that look like our no lake scenarios (e.g., Figures 2a and 2b). Evaporation of
such lakes during dry seasons or droughts, however, could result in seasonal depletion of water resources,
but transient simulations, which require code development, are needed to address this issue.

Ultimately, predictions of how groundwater resources on individual islands will respond to sea level rise
require high-resolution topographic and water table elevation data. These data would allow estimates of
when and where lakes would form, and how large they would be given various sea level rise scenarios.
Nonetheless, models presented here suggest that lake formation and growth should be included in
assessments modification of groundwater resources with sea level rise and provide methodology for
such assessments.

4. Conclusions

While direct inundation of island coastal areas is a well-recognized threat of sea level rise, lakes can form
where sea level rise elevates water tables above low points in surface topography. Consequently, lake forma-
tion may increase areas of islands that can flood in response to sea level rise. On islands with negative water
budgets, lake formation will reduce groundwater resource availability relative to islands that have topogra-
phy that is not conducive to lake formation. In all of our simulations of lake impacts on island freshwater
lenses, lake formation and evaporation reduced groundwater resources more than a comparable amount
of coastal inundation. Further, groundwater resources decreased more as lakes formed in island centers
and had higher evaporation rates. Our results suggest that the lifetimes of water resources for island nations
in arid regions may be substantially shorter than previously predicted.

References
Ayers, J. F., and H. Vacher (1986), Hydrogeology of an atoll island: A conceptual model from detailed study of a Micronesian example,

Ground Water, 24(2), 185–198.
Cant, R. V., and P. S. Weech (1986), A review of the factors affecting the development of Ghyben-Hertzberg lenses in the Bahamas, J. Hydrol.,

84(3–4), 333–343, doi:10.1016/0022-1694(86)90131-9.
Dasgupta, S., B. Laplante, C. M. Meisner, D. Wheeler, and J. Y. Yan (2009), The impact of sea level rise on developing counties: A comparative

analysis, Clim. Change, 93(3–4), 379–388.
DeConto, R. M., and D. Pollard (2016), Contribution of Antarctica to past and future sea-level rise, Nature, 531(7596), 591–597.
Gulley, J. D., J. B. Martin, P. Spellman, P. J. Moore, and E. J. Screaton (2014), Influence of partial confinement and Holocene river formation on

groundwater flow and dissolution in the Florida carbonate platform, Hydrol. Process., 28(3), 705–717, doi:10.1002/hyp.9601.
Guo, W., and C. D. Langevin (2002), User’s guide to SEAWAT: A computer program for simulation of three-dimensional variable-density

ground water flow, U.S. Geol. Surv. Open File Rep., 01–434, 77pp.
Holding, S., and D. M. Allen (2015), From days to decades: Numerical modelling of freshwater lens response to climate change stressors on

small low-lying islands, Hydrol. Earth Syst. Sci., 19(2), 933–949, doi:10.5194/hess-19-933-2015.
Jocson, J. M. U., J. W. Jenson, and D. N. Contractor (2002), Recharge and aquifer response: Northern Guam lens aquifer, Guam, Mariana

Islands, J. Hydrol., 260, 231–254, doi:10.1016/S0022-1694(01)00617-5.
Ketabchi, H., D. Mahmoodzadeh, B. Ataie-Ashtiani, A. D. Werner, and C. T. Simmons (2014), Sea-level rise impact on fresh groundwater lenses

in two-layer small islands, Hydrol. Process., 28(24), 5938–5953, doi:10.1002/hyp.10059.
Martin, J., and J. Gulley (2010), Distribution of fresh water on Rum Cay and implications for generation of secondary porosity, in Proceedings

of the 14th Symposium on the Geology of the Bahamas and Other Carbonate Regions, edited by F. Siewers and J. Martin, pp. 140–149,
Gerace Research Centre, San Salvador, Bahamas.

Masterson, J. P., M. N. Fienen, E. R. Thieler, D. B. Gesch, B. T. Gutierrez, and N. G. Plant (2013), Effects of sea-level rise on barrier island
groundwater system dynamics–ecohydrological implications, Ecohydrology, doi:10.1002/eco.1442.

Michael, H. A., C. J. Russoniello, and L. A. Byron (2013), Global assessment of vulnerability to sea-level rise in topography-limited and
recharge-limited coastal groundwater systems, Water Resour. Res., 49, 2228–2240, doi:10.1002/wrcr.20213.

Nurse, L. A., R. F. McLean, J. Agard, L. P. Briguglio, V. Duvat-Magnan, N. Pelesikoti, E. Tompkins, and A. Webb (2014), Small islands, in Climate
Change 2014: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change, edited by V. R. Barros et al., pp. 1655–1713, Cambridge Univ. Press, Cambridge, U. K., and New York.

Rotzoll, K., and C. H. Fletcher (2013), Assessment of groundwater inundation as a consequence of sea-level rise, Nat. Clim. Change, 3(5),
477–481.

Geophysical Research Letters 10.1002/2016GL070667

GULLEY ET AL. SEA LEVEL RISE AND LAKE FORMATION 9718

Acknowledgments
This work was supported in part by
funds provided by the Charles and
Patricia Nelson Presidential Professor
position at Michigan Technological
University to A.S.M. and NSF grant
OCE-1325227 to J.B.M. Correspondence
and requests for materials should be
addressed to jdgulley@usf.edu.

http://dx.doi.org/10.1016/0022-1694(86)90131-9
http://dx.doi.org/10.1002/hyp.9601
http://dx.doi.org/10.5194/hess-19-933-2015
http://dx.doi.org/10.1016/S0022-1694(01)00617-5
http://dx.doi.org/10.1002/hyp.10059
http://dx.doi.org/10.1002/eco.1442
http://dx.doi.org/10.1002/wrcr.20213
mailto:jdgulley@usf.edu


Sallenger, A. H., Jr., K. S. Doran, and P. A. Howd (2012), Hotspot of accelerated sea-level rise on the Atlantic coast of North America, Nat. Clim.
Change, 2(12), 884–888.

Taylor, M. A., F. S. Whyte, T. S. Stephenson, and J. D. Campbell (2013), Why dry? Investigating the future evolution of the Caribbean low level
jet to explain projected Caribbean drying, Int. J. Climatol., 33(3), 784–792.

Teeter, J. W. (1995), Holocene saline lake history, San Salvador Island, Bahamas, in Terrestrial and Shallow Marine Geology of the Bahamas and
Bermuda, edited by H. A. Curran and B. White, pp. 117–124, Geol. Soc. Am., Boulder, Colo.

Vacher, H. L. (1988), Dupuit-Ghyben-Herzberg analysis of strip-island lenses, Geol. Soc. Am. Bull., 100(4), 580–591.
Vacher, H. L., and T. O. Bengtsson (1989), Effect of hydraulic conductivity on the residence time of meteoric ground water in Bermudian- and

Bahamian-type islands, in Proceedings of the Fourth Symposium of the Geology of the Bahamas, edited by J. E. Mylroie and D. T. Gerace,
pp. 337–351, Bahamian Field Station, San Salvador, Bahamas.

Vacher, H. L., and J. E. Mylroie (2002), Eogenetic karst from the perspective of an equivalent porous medium, Carbonates Evaporites, 17(2),
182–196.

Vacher, H. L., and T. M. Quinn (2004), Geology and Hydrogeology of Carbonate Islands, Elsevier, New York.
Vacher, H. L., and T. N. Wallis (1992), Comparative hydrogeology of fresh-water lenses of Bermuda and Great Exuma Island, Bahamas,

Ground Water, 30(1), 15–20.
Wallis, T. N., H. L. Vacher, and M. T. Stewart (1991), Hydrogeology of freshwater lens beneath a Holocene strandplain, Great Exuma, Bahamas,

J. Hydrol., 125, 93–109.
Whitaker, F. F., and P. L. Smart (2004), Chapter 4 Hydrogeology of the Bahamian archipelago, in Geology and Hydrogeology of Carbonate

Islands, vol. 54, pp. 183–216, Elsevier, New York.
Woodroffe, C. D. (2008), Reef-island topography and the vulnerability of atolls to sea-level rise, Global Planet. Change, 62(1), 77–96.
Yamano, H., H. Kayanne, T. Yamaguchi, Y. Kuwahara, H. Yokoki, H. Shimazaki, and M. Chikamori (2007), Atoll island vulnerability to flooding

and inundation revealed by historical reconstruction: Fongafale Islet, Funafuti Atoll, Tuvalu, Global Planet. Change, 57(3), 407–416.

Geophysical Research Letters 10.1002/2016GL070667

GULLEY ET AL. SEA LEVEL RISE AND LAKE FORMATION 9719



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


